Clathrin-mediated endocytosis of transferrin (Tf) and its cognate receptor (TfR1) is a central pathway supporting the uptake of trophic iron. It has generally been assumed that this is a constitutive process. However, we have reported that the non-receptor tyrosine kinase, Src, is activated by Tf to facilitate the internalization of the Tf-TfR1 ligand-receptor complex. As an extension of these findings, we have tested whether subsequent trafficking steps might be regulated by additional kinase-dependent cascades, and we observed a significant endocytic block by inhibiting c-Abl kinase by a variety of methods. Importantly, Tf internalization was reduced significantly in all of these cell models and could be restored by re-expression of WT c-Abl. Surprisingly, this attenuated Tf-TfR1 endocytosis was due to a substantial drop in both the surface and total cellular receptor levels. Additional studies with the LDL receptor showed a similar effect. Surprisingly, immunofluorescence microscopy of imatinib-treated cells revealed a marked colocalization of internalized TfR1 with late endosomes/lysosomes, whereas attenuating the lysosome function with several inhibitors reduced this receptor loss. Importantly, inhibition of c-Abl resulted in a striking redistribution of the chaperone Hsc70 from a diffuse cytosolic localization to an association with the TfR1 at the late endosome-lysosome. Pharmacological inhibition of Hsc70 ATPase activity in cultured cells by the drug VER155008 prevents this chaperone-receptor interaction, resulting in an accumulation of the TfR1 in the early endosome. Thus, inhibition of c-Abl minimizes receptor recycling pathways and results in chaperone-dependent trafficking of the TfR1 to the lysosome for degradation. These findings implicate a novel role for c-Abl and Hsc70 as an unexpected regulator of Hsc70-mediated transport of trophic receptor cargo between the early and late endosomal compartments.
Iron homeostasis is an essential physiological process for all cells and tissues, and the hepatocyte plays a central role in the liver's capacity to regulate iron levels for the entire body. To this end, it employs two receptors, the transferrin receptors 1 and 2 (TfR1 and TfR2), that promote internalization of iron-bound transferrin (Tf) 3 as well as stimulation of iron transporters in other cells and tissues (1) (2) (3) (4) (5) . TfR1 is expressed in almost all cells and tissues and is dependent on canonical endocytic machinery for internalization, trafficking, sorting, and recycling to the plasma membrane (6, 7) . In contrast, TfR2 may enter the hepatocyte by several endocytic mechanisms and is directed to the lysosome for degradation (8, 9) .
Although most receptor tyrosine kinases (RTKs) upon ligand addition undergo a highly regulated endocytic process of internalization, which is controlled by phosphorylation and other post-translational modifications, TfR1 endocytosis has been thought to persist continuously in an ongoing or "constitutive" process. However, recent studies by us and others (10, 11) have suggested that the binding of the Tf ligand leads to the activation of Src kinase, which in turn promotes phosphorylation of specific components of the endocytic machinery such as dynamin 2 (Dyn2) and its actin-associated binding partner cortactin (12) (13) (14) (15) (16) . The Src-mediated phosphorylation event of these specific endocytic components appears to be essential for efficient assembly and scission of clathrin-coated pits that are utilized to internalize this receptor-ligand complex.
To test whether other levels of regulation might exist at additional stages of TfR1 trafficking, we initiated a simple screen to define the effects of inhibiting other non-receptor tyrosine kinases (NRTKs) on Tf internalization. Subsequently, we observed that treating different cultured hepatocyte cell lines with imatinib (17, 18) , a potent inhibitor of the c-Abl family of NRTKs, resulted in a near complete ablation of ligand uptake. More specific inhibition of c-Abl function through expression of inhibitory mutants and/or the use of c-Abl knock-out (KO) mouse embryonic fibroblasts (MEFs) both appear consistent with the concept that functional c-Abl is indispensable for Tf-TfR1 internalization. Surprisingly, the effects of c-Abl loss on TfR1 internalization appeared not to be an endocytic block, but rather a near total removal of TfR1 from the cell surface. Cell and biochemical studies designed to track the fate of the internalized receptor-ligand complex indicated that in the absence of c-Abl kinase activity, the TfR1 is not recycled back to the cell surface as usual, but instead is re-directed to the degradative pathway, resulting in the observed reduction in the receptor levels. Parallel studies with the LDL receptor show a similar lysosome-based degradation upon inhibition of c-Abl. Interestingly, c-Abl inhibition promoted a strong interaction of Tf-TfR1 with the cytoplasmic chaperone Hsc70, suggesting that this interaction may be responsible for redirecting this receptor from the perinuclear recycling endosome to the lysosome. Pharmacological inhibition of Hsc70 activity in c-Abl attenuated cells prevents this interaction, resulting in a diffuse distribution of the chaperone, although the receptor accumulates in the early endosome, suggesting that Hsc70 is required for the trafficking of the TfR1 from the early to late endosome upon c-Abl inhibition. These data support the concept that c-Abl plays an important role in directing the endocytic fate of the TfR1 and other receptors.
Results
c-Abl Kinase Activity Is Required for Efficient Internalization of Transferrin-We previously reported that the initial steps of TfR1 internalization are regulated by the action of the NRTK Src (11) . Based on these findings, we examined a subset of inhibitors of other NRTKs on Tf internalization to identify additional regulators of receptor-mediated endocytosis. Surprisingly, out of the various compounds tested, imatinib, a widely used and relatively specific inhibitor of c-Abl kinase (17) (18) (19) (20) (21) , appeared most effective in reducing Tf endocytosis when tested in clone 9 rat hepatocytes. As shown in Fig. 1 , a-c, imatinib treatment prevented Tf internalization in these cells in a dose-dependent manner as measured by quantitation of total fluorescence intensity assayed 20 min post-application of the ligand (Fig. 1d ). The inhibitory effect appeared to be specific for receptor-mediated FIGURE 1 . Inhibition of c-Abl kinase by imatinib interferes with the endocytic uptake of transferrin but not the fluid phase marker dextran. a-c, effects of imatinib on Tf internalization in clone 9 cells pre-treated with various concentrations of the drug for 2 h, then incubated with Alexa-594-labeled Tf for 20 min, and analyzed by fluorescence microscopy. Note that imatinib interferes with Tf internalization in a dose-dependent manner. Cells in c are outlined and marked with an asterisk due to low fluorescence intensity. d, quantitation of Tf uptake from three independent experiments as described in a-c. Results are presented as mean Ϯ S.E. with Ͼ50 cells measured per condition. **, p Ͻ 0.01. e-f, clone 9 cells were pre-treated for 2 h with 5 g/ml (e) or 20 g/ml imatinib (f) and incubated for an additional 2 h with 150 mM rhodamine-conjugated dextran and analyzed by fluorescence microscopy. Note that in contrast to Tf uptake, imatinib treatment does not affect fluid phase internalization. Scale bars, 10 m. endocytosis, as fluid phase uptake, assessed by rhodaminedextran (M r 3,000) internalization for 2 h, was unaffected by imatinib treatment (Fig. 1 , e and f).
As pharmacological inhibitors may result in a number of non-specific effects, two alternative approaches were taken to confirm the inhibitory effects of imatinib on TfR1 internaliza-tion. First, clone 9 cells were transfected to overexpress either WT, the kinase-dead K266R/290R mutant, or the inactive 419/ 437F form (22, 23) of both splice variants of c-Abl (c-Abl-1a and -1b, Fig. 2a ) (24, 25) , and Tf internalization was allowed for 20 min before the cells were acid-stripped and further analyzed. Consistent with our findings using imatinib, expression of a FIGURE 2. Endocytic internalization of Tf is reduced significantly in cells lacking functional c-Abl kinase. a, schematic illustrating the domain structures of c-Abl-1a and c-Abl-1b. Both proteins are comprised of Src homology domain 3 (SH3) and Src homology domain 2 (SH2) followed by the tyrosine kinase domain. The two splice variants differ in their N terminus, which is myristoylated in the 1b form, but this modification is absent in the shorter 1a variant. b-dЉ endocytic uptake of Alexa-594-labeled Tf in clone 9 cells expressing either wild-type c-Abl-1b (b and bЈ), a kinase-dead mutant K290R (c and cЈ), or the inactive mutant Y437F (d and dЈ). Transfected cells (asterisks) were visualized by staining with antibodies against c-Abl and were analyzed by fluorescence microscopy (b-dЈ). Note that cells expressing non-functional forms of c-Abl internalized significantly less Tf than adjacent untransfected cells or cells expressing WT c-Abl. e, quantitation of Tf uptake as described in b-dЈ by measurement of total fluorescence. Data represent the mean Ϯ S.E. from three independent experiments with Ͼ50 cells measured for each condition. **, p Ͻ 0.01. Scale bars, 10 m. f-h, control MEFs (f), c-Abl Ϫ/Ϫ single KO (g), and c-Abl Ϫ/Ϫ , Arg Ϫ/Ϫ double KO MEFs (h) were incubated with Alexa-594-labeled Tf for 20 min, acid-stripped, and subsequently analyzed by fluorescence microscopy. Scale bar, 10 m. i, quantitation of Tf uptake based on fluorescence intensity measurements in these cells. Note that Tf internalization is markedly reduced in both c-Abl Ϫ/Ϫ single and c-Abl Ϫ/Ϫ , Arg Ϫ/Ϫ double KO MEFs, compared with control cells. Data represent the mean Ϯ S.E. from three independent experiments with Ͼ 50 cells measured for each condition. **, p Ͻ 0.01. non-functional c-Abl-1b (K290R or Y437F) induced a dramatic defect in Tf uptake compared with c-Abl WT-expressing control cells (ϳ60% reduction, Fig. 2 , b-e). No significant difference was observed between the two c-Abl splice variants, suggesting that myristoylation of the kinase, and thus membrane anchoring, is not an important factor in the c-Abl-mediated regulation of Tf uptake ( Fig. 2e ). In a second approach, Tf internalization was assessed in both c-Abl knock-out MEFs (c-Abl Ϫ/Ϫ ) and c-Abl/Arg double knock-out (c-Abl Ϫ/Ϫ , Arg Ϫ/Ϫ ) MEFs compared with control MEFs. As shown in Fig. 2 , f-h, Tf endocytosis was greatly diminished (ϳ50 -80%, Fig. 2i ) in cells depleted of c-Abl or c-Abl/Arg compared with control cells.
Based on these data, we predicted that re-expression of c-Abl WT, but not the inactive mutants, would restore Tf internalization in c-Abl Ϫ/Ϫ MEFs. To this end, c-Abl WT or the nonfunctional mutants (Y419F/Y437F or K266R/K290R) were reexpressed in the c-Abl Ϫ/Ϫ MEFs, and Tf uptake was analyzed by immunofluorescence microscopy as described above, and the expression of the various c-Abl constructs was verified using a specific antibody to the kinase (Fig. 3 , a-e). As predicted, the internalization defect in the KO cells ( Fig. 3 , aЈ, bЈ, and c) was rescued by re-expression of c-Abl-1b WT, but not the inactive (Y437F) or the kinase-dead (K290R) mutant ( Fig. 3, d and eЈ) , suggesting that active c-Abl kinase is required to promote Tf uptake. Again, both c-Abl splice variants rescued Tf uptake with equal efficiency (Fig. 3f ). Taken together, using three different approaches, these data suggest that functional kinaseactive c-Abl is essential for efficient Tf internalization.
Inhibiting c-Abl Results in a Reduction of Surface TfR1-Although the findings described above suggest a requirement for c-Abl activity in the endocytic internalization of the TfR1, an alternative explanation for the marked attenuation in Tf uptake could be a reduction in numbers of cell surface receptors. To test this, we first examined the surface levels of the TfR1 in the presence or absence of imatinib, both biochemically and by immunofluorescence microscopy. Surprisingly, inhibition of c-Abl by imatinib caused a dramatic reduction (ϳ70%) in surface TfR1, both by IF with an antibody that recognizes the TfR1 extracellular domain ( Fig. 4 , a-c) and biochemical analysis using a surface biotinylation assay ( Fig. 4, d and e ). To extend this finding, total cellular TfR1 levels were compared in control versus c-Abl Ϫ/Ϫ KO MEFs and were found to be greatly reduced, even below the detection limits of the Western blotting analysis (Fig. 5a ). Most importantly, re-expression of c-Abl WT (splice variants 1a and 1b, Fig. 5b ) in the c-Abl KO MEFs restored TfR1 levels close to that of the control MEFs ( Fig. 5c ) and subsequently rescued uptake of the Tf ligand ( Fig. 5, d-gЈ) . These observations are consistent with the concept that c-Abl Notably, there is a significant reduction in surface TfR1 levels following imatinib treatment compared with control cells. d, biochemical assessment of surface TfR1 by a biotinylation assay. The levels of biotinylated surface TfR1 versus total cellular TfR1 in control and drug treated cells were analyzed by Western blot. A representative blot of three different experiments is provided and shows a dramatic loss of surface TfR1 60 min post-imatinib treatment. Also, note a substantial reduction in total cellular TfR1 levels that occurs in response to the drug. IP, immunoprecipitation. e, quantitation of three independent experiments as described in d. Data are presented as mean Ϯ S.E. and reveal a dramatic reduction in surface TfR1 levels following imatinib treatment. For all time points, surface TfR1 was normalized to total TfR1. **, p Ͻ 0.01. 
c-Abl Regulates TfR1 Endocytosis
does not regulate Tf endocytosis directly, but possibly by altering the surface availability of this important trophic receptor.
TfR1 Is Targeted to the Lysosome for Degradation upon Imatinib Treatment-To confirm that imatinib treatment also reduces total cellular TfR1 levels and to gain an appreciation for how quickly any potential loss might occur, clone 9 cells were treated with 20 g/ml imatinib over different time points (0, 2, and 4 h) and subjected to Western blotting analysis ( Fig. 6a ). Interestingly, by just 2 h post drug treatment, receptor levels were reduced by 50% and almost completely ablated by 4 h (Fig.  6b ).
This observed reduction in TfR1 levels upon imatinib treatment suggested that an alteration in endocytic trafficking occurs upon inhibition of c-Abl that minimizes the recycling of the internalized receptor back to the surface, while potentially promoting its transport to the lysosome for subsequent degradation. To test for c-Abl-dependent changes in the intracellular localization of the endocytosed receptor that might support this premise, clone 9 (Fig. 6 , c and d) or HeLa cells ( Fig. 6 , e and f) were treated with 20 g/ml imatinib for 2 h prior to fixation and stained for TfR1. As hypothesized, a marked redistribution of internalized receptor was observed from the canonical perinuclear recycling compartment seen in control cells (Fig. 6 , c and e) to large discrete vesicles reminiscent of a late endosomal/ lysosomal compartment in the cells exposed to imatinib (Fig. 6 , d and f). To determine the nature of this compartment, clone 9 cells were pulse-labeled for 2 h with 150 mM rhodamine-dextran (M r 3,000) to visualize late endosomes/lysosomes. Interestingly, 2 h post imatinib treatment, TfR1 showed a striking colocalization with both dextran-positive compartments ( Fig.  6 , g-gЉ) or the Lysotracker dye ( Fig. 6 , h-hЉ). Moreover, the expressed GFP-tagged TfR1 clearly associated with GFP-LAMP1-positive structures ( Fig. 6 , i-iЉ), suggesting that indeed TfR1 is re-directed from its "normal" recycling route to the degradative pathway in the presence of imatinib. To test whether c-Abl inhibition might have similar effects on other trophic receptors, parallel experiments were performed on cells to observe alterations in the trafficking of the LDL receptor. It has been well documented that upon ligand binding, this receptor is trafficked through the endocytic pathway to an acidic compartment that mediates the dissociation, sorting, and recycling of a percentage of this receptor back to the cell surface, although its lipid cargo progresses to the lysosome for degradation (26) . Because of this partial receptor recycling, we viewed the LDLR as a suitable comparison with the TfR1. As displayed in supplemental Fig. S1 , clone 9 cells treated with 20 g/ml imatinib over different time periods (0, 2, and 4 h) were subjected to Western blotting analysis using an antibody to LDLR. A stepwise reduction of LDLR levels was observed post-treatment in a time frame similar to that of the TfR1. In support of these findings, IF-based analysis demonstrated that cells treated with vehicle or 20 g/ml imatinib for 2 h exhibit a plasma membrane-associated punctate endosomal pool as well as the typical peri-nuclear pool of the LDLR. In contrast, imatinib-treated cells sequester the LDLR into large circular structures that stain positive for the lysosomal marker LAMP1. Thus, the recycling of both the TfR1 and LDLR appear to be "missorted" to the lysosome upon inhibition of c-Abl kinase.
To provide a functional test that imatinib-induced reduction in TfR1 levels is due to lysosomal degradation, lysosome function was inhibited via the H ϩ -ATPase inhibitor bafilomycin. Accordingly, clone 9 cells were pre-treated with bafilomycin (1 M, 2 h) followed by treatment with imatinib (20 g/ml for 0, 2, and 4 h) and subjected to Western blotting analysis for TfR1 ( Fig. 7) . As predicted, c-Abl Regulates TfR1 Endocytosis a substantial stepwise reduction of TfR1 levels by imatinib was observed in control cells pretreated with DMSO (Figs. 6, a and b, and 7, a and b), but this loss was completely prevented in cells that were pre-treated with bafilomycin ( Fig. 7, a and b) . In addition, pre-treatment with bafilomycin prevented the loss of surface TfR1 levels by exposure to imatinib (Fig. 7, c and d) . Additional experiments using the lysosomal protease inhibitor leupeptin also showed a marked, but not complete, protection of the TfR1 in imatinib-treated cells (supplemental Fig. S2 ). Consistent with these findings, LDLR levels were also largely maintained by bafilomycin both in cells treated with imatinib and also in c-Abl Ϫ/Ϫ MEFs (supplemental Fig. S3 ).
These findings led us to test how TfR1 might be targeted to the lysosome, a pathway that is normally used by the TfR2 via Ub-mediated mechanisms (27) . To test whether TfR1 is ubiquitylated following c-Abl inhibition, Hep3b or HeLa cells were transfected with HA-Ub for 16 h, then pre-treated with bafilomycin (2 h), and treated with imatinib (20 g/ml, 2 h). The premise of this approach was to activate any Ub-based targeting of the TfR1 via inhibition of c-Abl but to retain high levels of this putatively tagged receptor by inhibiting the degradative function of the lysosome with bafilomycin. Treated cells were then homogenized and subjected to immunoprecipitation for the TfR1 or the EGFR as a positive control, followed by Western blotting analysis for HA. Although the EGFR displayed significant ubiquitylation even in the absence of added ligand, no detectable modification was observed for the TfR1 (data not shown).
To further test a role for a ubiquitin-based transport of the TfR1 to the lysosome, we attempted to disrupt the ESCRTbased trafficking of cargo to the MVB via an siRNA-based knockdown of Tsg101, a component of the ESCRT1 complex that recognizes ubiquitylated cargo (28) . HeLa cells treated with an siRNA to Tsg101 for 3 days were then challenged to internalize and degrade either the TfR1 or EGFR following imatinib treatment for 0, 2, and 4 h, as depicted in Fig. 7 , e-g. Although the stepwise loss of these receptors is observed in siNT cells, those with reduced levels of Tsg101 are impaired in receptor loss, suggesting a functional role for the ESCRT complex in this process.
Activation of an Hsc70 Chaperone-based Pathway to the Lysosome-As an alternative to the canonical ubiquitylation pathway, we tested for a functional role of the cytoplasmic chaperone Hsc70, which is known to facilitate the transport of many proteins to the lysosome, among them the EGFR (29), by a mechanism referred to as chaperone-mediated autophagy (30, 31) . Coimmunoprecipitation assays were performed in clone 9 cells in the presence or absence of imatinib (20 g/ml, 2 h; Fig. 8, a and b) . Surprisingly, TfR1 from imatinib-treated cells precipitated substantially more Hsc70 than did control cells, whereas a reciprocal immunoprecipitation of Hsc70 exhibited an even greater association with TfR1 (5-fold) in the imatinib-treated cells (Fig. 8, aЈ and bЈ) compared with the vehicle-treated controls. To test whether this increased interaction might be resolved by microscopy in fixed cells, clone 9 cells expressing GFP-Hsc70 were treated with 20 g/ml imatinib for 2 h and immunostained for the TfR1 (Fig. 8, c-dЉ) or in GFP-LAMP1 cells expressing clone 9 cells immunostained for Hsc70 ( Fig. 8, e-fЉ) . Although the Hsc70 chaperone appeared diffuse in control cells (Fig. 8c) , imatinib treatment induced the formation of vesicle-like puncta (Fig. 8d ) that exhibited substantial overlap with internalized TfR1 (Fig. 8dЉ ).
As we have shown that inhibition of c-Abl induces targeting of the internalized TfR1 to lysosomes, imatinib-treated cells expressing GFP-tagged LAMP1 revealed a clear colocalization between Hsc70 puncta and the LAMP1-positive lysosomes (Fig. 8 , f and f Љ) that was not observed in control cells (Fig. 8, eЈ and eЉ). To provide a functional test for involvement of Hsc70 in imatinib-induced TfR1 degradation, we utilized a small molecule ATP-derivative inhibitor of Hsc/Hsp70 chaperones (VER155008) that is well described to have antitumor properties (32) . Importantly, we found that this inhibitor minimizes the imatinib-dependent TfR1 degradation by lysosomes. Clone 9 cells were pre-treated with DMSO or the Hsc70 inhibitor VER155008 (100 M) for 16 h, treated with 20 g/ml imatinib over different time periods (0, 2, and 4 h), and subjected to Western blotting analysis for TfR1 levels (Fig. 9, a and b) . Inhibiting c-Abl induced the stepwise loss of the receptor in the DMSO-treated control cells, whereas inhibiting Hsc70 function with VER155008 substantially prevented this loss.
To test whether the Hsc70 inhibitor VER155008 reduces the TfR1-Hsc70 interaction as observed in Fig. 8b , cells were treated as described above but subjected to co-IP of Hsc70 and were analyzed by Western blotting (Fig. 9, c and d) . Total protein shown in the input lanes exhibits a protection of the TfR1 by the Hsc70 inhibition as in Fig. 9 , a and b, whereas receptor and chaperone reveal a significantly reduced association when Hsc70 function is inhibited, despite the fact that the levels of this protein are increased. From these findings it became important to define whether the cellular distribution of these proteins was altered by VER155008-mediated chaperone inhibition. Clone 9 cells were pretreated overnight with carrier FIGURE 7. The lysosome inhibitor, bafilomycin, reduces TfR1 degradation in imatinib-treated cells. a, bafilomycin prevents lysosomal degradation of the TfR1. Clone 9 cells were pre-treated with the lysosome inhibitor bafilomycin (1 M) for 2 h, treated with 20 g/ml imatinib over different time periods (0, 2, and 4 h), and then subjected to Western blotting analysis using an antibody to TfR1. As observed previously, imatinib induced a dramatic and stepwise reduction of TfR1 levels, but this reduction is attenuated almost completely in the presence of bafilomycin, as quantified by densitometry from three different experiments. b, **, p Ͻ 0.01. c, TfR1 surface levels are maintained in bafilomycin-treated cells as assessed by a surface biotinylation assay. As described in Fig. 4 , the levels of biotinylated surface TfR1 versus total cellular TfR1 in control (imatinib) and bafilomycin treated cells were analyzed by Western blot. A representative blot of three different experiments is provided and shows a dramatic loss of surface TfR1 60 min post-imatinib treatment. Also, there is a substantial reduction in total cellular TfR1 levels that occurs in response to imatinib. In contrast, the lysosome inhibitor, bafilomycin, prevents TfR1 loss of both total cellular and surface receptor. Quantitation of three independent experiments as described in d. Data are presented as mean Ϯ S.E. and reveal a dramatic reduction in surface TfR1 levels following imatinib treatment. For all time points, surface TfR1 was normalized to total TfR1. **, p Ͻ 0.01. e-g, c-Abl inhibitor imatinib-induced loss of the TfR1 is dependent upon the ESCRT1 component Tsg101. e, Western blotting analysis of HeLa cells pre-treated with Tsg101 siRNA for 3 days and then treated with 20 g/ml imatinib over different time periods (0, 2, and 4 h) preceding cell lysis, SDS-PAGE, and blotting with antibodies to TfR1, EGFR, and Tsg101. As observed previously, imatinib induced a reduction in receptor levels, an effect that was nearly ablated by the pre-treated with Tsg101 siRNA. EGFR is provided as a positive control comparison. f and g, corresponding graphs represent densitometric quantification of three different experiments. AUGUST 5, 2016 • VOLUME 291 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 16431 alone (DMSO, Fig. 9 , e and eЉ) or the Hsc70 inhibitor ( Fig. 9 , f, fЈ, g, and gЈ), then treated with imatinib for 2 h, and stained with Hsc70 and TfR1-N antibodies. Immunofluorescence microscopy shows the characteristic imatinib-induced redistribution of both the receptor and chaperone to a large punctate putative endolysosome compartment (Fig. 9, f and fЈ) . This effect is blocked by treatment with VER155008, as the Hsc70 distribution remains diffuse, and the TfR1 resides in smaller more numerous puncta compared with untreated cells. Control experiments testing the effects of VER155008 on clathrinbased uptake and distribution were performed, as Hsc70 is known to participate in the uncoating of clathrin-coated vesicles. Hsc70 inhibition might be expected to prevent TfR1 internalization at the cell surface and thus indirectly reduce lysosomal degradation. At the acute time periods used in these studies, an expected accumulation of clathrin at the surface of clone 9 cells was observed, although TfR1 internalization appeared normal (data not shown).
As imatinib induces the co-trafficking of these proteins to the endolysosome (Fig. 6 ), we sought to define the vesicular compartment in which the TfR1 resides as a result of Hsc70 inhibition. Constitutive transport of TfR1 to the lysosome upon Hsc70 inhibition and dissociation would contradict a model that Hsc70 function is essential for aberrant TfR1 transport for degradation upon inhibition of c-Abl. Clone 9 cells were treated as described above and stained for the early endosome marker EEA1 ( Fig. 9 , h-iЉ; supplemental Fig. S5, a-fЉ) . Importantly, cells treated with both imatinib and VER155008 revealed a marked increase of TfR1 in EEA1-positive vesicles ( Fig. 9 , i-iЉ) and a great reduction in transit to the late endosome and lysosome ( Fig. 9, k and l; supplemental Fig. S5 , a-fЉ), suggesting that Hsc70 inhibition attenuated the transport of the receptor from the early endosome to the late endosome, perhaps by preventing the physical interaction between the chaperone and receptor cargo (Fig. 9, c and d) .
Additional biochemical experiments were performed to support the VER155008 findings using a second Hsc70 inhibitor, 2-phenylethyne sulfonamide (PES). This compound affects all Hsc/Hsp family members through a non-specific detergentlike interaction with the substrate binding domain of these proteins (33) . We pretreated clone 9 cells with PES (25 M) for 2 h and then added 20 g/ml imatinib for 2 h before lysis and Western blotting analysis (supplemental Fig. S4 ). Cells treated with vehicle alone (DMSO) exhibited the characteristic stepwise reduction of TfR1 levels. As expected, the PES-treated cells exhibited a marked protection of TfR1 total protein levels. Finally, as Hsc70 has been implicated in chaperone-mediated autophagy of proteins to the lysosome (34), we tested whether an siRNA knockdown of LAMP2a might protect the TfR1 from degradation in imatinib-treated cells. LAMP2a is known to provide a functional pore that mediates the transit of cargo proteins to be degraded from the cytoplasm to the lysosomal lumen (34) . As depicted in Fig. 9 , m and n, a near complete siRNA-based reduction of the LAMP2a protein had no effect FIGURE 8 . TfR1 association with the chaperone Hsc70 increases upon c-Abl inhibition by imatinib. a and b, following imatinib treatment, clone 9 cells were subjected to coimmunoprecipitation using an antibody against TfR1 (a) or Hsc70 (b) and analyzed by Western blot. Note that binding between the two proteins increased markedly after c-Abl inhibition. aЈ and bЈ, quantitation of three independent experiments as described in a and b. Data are presented as mean Ϯ S.E.; **, p Ͻ 0.01. c-f, clone 9 cells expressing Hsc70-GFP or LAMP1-GFP were treated with vehicle control (c and e) or 20 g/ml imatinib (d and f) for 2 h and subsequently analyzed by immunofluorescence microscopy using an antibody against TfR1 (cЈ and dЈ) or LAMP1 (eЈ and fЈ) to assess colocalization between the proteins tested. Indeed, Hsc70 colocalized with TfR1 and LAMP1 at the lysosome after imatinib treatment. 
on the imatinib-based loss of the TfR1 suggesting that this is not a traditional chaperone-mediated autophagy pathway.
Discussion
TfR1 endocytosis and trafficking is generally cited as a "classic" constitutive pathway in which iron-bound transferrin and the associated receptor are internalized continuously and transported to an early recycling endosome, upon which the iron is dissociated by the acidic environment and the receptortransferrin complex is transported back to the plasma membrane for reuse (6, 7) . Based on our previous observations that Src kinase can regulate internalization and release of TfR1 containing clathrin-coated pits by tyrosine phosphorylation of Dyn2 and its actin binding partner cortactin (10, 11) , it is possible that several potential layers of regulation exist that mediate the internalization and trafficking of this trophic receptor.
Our initial findings that internalization of the TfR1 is markedly reduced by pharmacological inhibition of c-Abl by imatinib (Fig. 1, c and d) was consistent with past reports by others that this kinase regulates the endocytosis of several different RTKs. These include antigen-receptor complexes in B lymphocytes via CrkII, Rac activation (35) , and alterations in EGFR endocytosis (36) . The initial surprise from this study was that imatinib appeared to alter the internalization of trophic receptors ( Figs. 4b and 6, d, and f; supplemental Fig. S1 ) that exhibit minimal post-translational modifications, unlike the receptor systems cited above. Furthermore, inhibiting c-Abl function resulted in a drastic loss of the TfR1 from the cell surface (Fig. 4,  b and c) , hence explaining the reduced Tf uptake as an indirect but perhaps more interesting consequence of c-Abl inhibition. Relevant findings to this study are those of Pendergast and coworkers (36) , who have observed significant effects on EGFR trafficking by altering c-Abl activity. In contrast to our findings with the TfR1, they have reported an "uncoupling" of the EGFR from ligand-mediated internalization in cells expressing active c-Abl as well as preventing the recruitment of the ubiquitinligase Cbl to the activated EGFR. Thus, activated c-Abl kinase results in the retention of this receptor on the cell surface for continued signaling, although attenuation of the kinase promotes its lysosomal trafficking (36) . In contrast, we find that Total protein shown in the input lanes again reveal a protection of the TfR1 by VER155008 drug as in a and b. A significantly reduced association is observed when Hsc70 function is inhibited despite the fact that the levels of this protein are increased. e and eЈ and g and gЈ, immunofluorescence images of Hsc70 and TfR1 in clone 9 cells pretreated with DMSO (e and eЈ) or the Hsc70 inhibitor overnight (f, fЈ and g and gЈ) and then treated with imatinib for 2 h. Imatinib induces the redistribution of both the receptor and chaperone to large punctate, putative endolysosome compartments (f and fЈ) that is blocked by treatment with VER155008. h-iЉ, immunofluorescence images of EEA1 and TfR1 in clone 9 cells treated as above show a retention of the receptor in the early endosome in Hsc70 inhibited cells. j-l, quantitative analysis of the changes in TfR1 distribution in imatinib-treated clone 9 cells following treatment with DMSO or VER155008 (100 M) for 10 h. Although the overlap between the TfR1 compartments and the early endosome (EEA1) is substantially increased (j), trafficking to the late endosome (Rab7) or lysosome (LAMP1) is markedly reduced by inhibition of Hsc70 (k and l). Cell count numbers are as follows: j, DMSO, 12.0 Ϯ 0.06%, n ϭ 10 cells; VER155008, 29.4 Ϯ 0.15%, n ϭ 9 cells; k, DMSO, 24.3 Ϯ 0.02%, n ϭ 5 cells; VER155008, 14.5 Ϯ 0.05%, n ϭ 9 cells; and l, DMSO, 34.5 Ϯ 0.05, n ϭ 7 cells; VER155008, 5.0 Ϯ 0.02%, n ϭ 12 cells. **, p Ͻ 0.01. Scale bars, 10 m. m and n, siRNA knockdown of the lysosome-associated membrane protein (LAMP2a) in HeLa cells over 3 days followed by SDS-PAGE and Western blotting analysis (m) results in a near complete reduction of the protein. Graph depicting three distinct experiments in which these cells were then treated with imatinib for 0, 2, and 4 h followed by Western blotting analysis of TfR1 levels. Little to no change in receptor levels is observed. AUGUST 5, 2016 • VOLUME 291 • NUMBER 32 overexpression of WT c-Abl kinase has little effect on Tf internalization, although inhibition of the kinase promotes receptor degradation ( Figs. 2bЈ; 6, a and b, and 7, a and b; supplemental Fig. S2 ).
c-Abl Regulates TfR1 Endocytosis
In addition to a reduction in EGFR internalization by active c-Abl, Pendergast and colleagues (37) also report that inhibition of c-Abl attenuates the trafficking and function of lysosomal components to the autophagosome, specifically the M6PR-mediated transport of glycosidases and cathepsins. Although lysosome-autophagosome fusion appears normal, c-Abl inhibition leads to an altered distibution and morphology. We have also observed morphological alterations in these organelles upon inhibition of c-Abl, although they remain competent to degrade the TfR1 and LDLR just over several hours, a process that is markedly reduced by lysosome inhibitors (Figs.  7, a and b; supplemental Fig. S3, a and b) .
These observations indicated that c-Abl kinase may control the endocytic fate of the TfR1. Inhibition of this kinase diverts the internalized ligand-TfR1 complex away from the perinuclear Rab11 recycling endosome to the lysosome (Fig. 6, g-hЉ) . This putative regulation is particularly interesting in the context of active versus default cargo sorting. The distinct endocytic fates of the two related TfRs make this regulation even more relevant. As mentioned, the TfR1 is recycled post-internalization, although the TfR2 is targeted for degradation into MVBs and subsequently to the lysosome. It remains unclear how the trafficking machinery discriminates between these two receptors and controls their intracellular trafficking, although one would predict that the 61-residue cytoplasmic tail is key.
It has been thought for some time that other than a canonical AP2-binding motif (YXX⌽), the TfR1 tail possessed little information that could direct its recycling back to the plasma membrane, suggesting this is a default pathway. Subsequently, several insightful studies have provided information as to how this internalized receptor can be directed back to the plasma membrane, and how c-Abl might participate in this process. First, the small regulatory GTPase Rab12 has been found to localize to the TfR1 recycling endosome in cells where its activity appears to direct the receptor to the lysosome for degradation (38) . It is possible that c-Abl kinase could regulate this Rab either directly or through modification of a GTPase-activating protein of the guanine nucleotide exchange factor. Second, c-Abl has been shown to promote the autophagic process indirectly though activation of lysosome motility and capacity of lysosomes to degrade substrate (37) . How imatinib facilitates TfR1-Hsc70 interaction and trafficking to the lysosome for degradation is unclear. Perhaps most relevant is the well documented identification of two distinct phenylalanine-based sequences in the cytoplasmic TfR1 tail that recruits the ARF6 GTPase-activating protein called ACAP1 (39) . Importantly, this interaction appears to promote cargo sorting of GLUT4 as well as both TfR1 and the integrin receptors (6) . It is attractive to predict that c-Abl activity could alter the TfR1 tail-ACAP1 interaction to regulate the recycle-degrade switch of this receptor.
Ubiquitylation of internalized RTKs (40) provides another well defined targeting motif recognized by the ESCRT machinery for transport to the MVB and subsequent degradation (41) .
Whether inhibition of c-Abl kinase potentiates this ubiquitin modification is unclear. We have conducted some additional control experiments testing for ubiquitylation of this receptor and the EGFR as a control in either Hep3b or clone 9 cells that were then treated with bafilomycin to promote the accumulation of any ubiquitylated protein targeted to the lysosome. We did observe a consistent modification of the EGFR, but not the TfR1 (data not shown), suggesting that TfR1 may not be subjected to ubiquitin-based targeting. It should be noted, however, that one study has shown extensive evidence that an excess of iron added to cultured cells results in a ubiquitylation of the TfR1 leading to lysosomal targeting (27) . More recently, the same group (42) has reported that several lysines on the cytoplasmic tail of this receptor in COS7 cells are modified by a RING-type ubiquitin-ligase (MARCH8). This specific ubiquitylation event leads to the predicted degradation-based downregulation of the TfR1. Whether this iron-induced response is distinct to the c-Abl-mediated degradation is unclear.
Because lysosomal degradation of target proteins can occur through Ub-independent pathways, we tested whether imatinib-induced TfR1 degradation involved the ESCRT complex, which targets its cargo through the MVB to the lysosome (43) . Accordingly, we reduced the cellular levels of the ubiquitinbinding ESCRT1 member Tsg101 by siRNA treatment to test whether this might prevent the imatinib-induced loss of either the TfR1 or the EGFR as a control (Fig. 7, e-g) . Importantly, the reduction of Tsg101 prevented the degradation of both receptors suggesting that the imatinib-induced degradative pathway of the TfR1 is mediated by ESCRT function.
Although all of the processes described above provide plausible mechanisms for how c-Abl activity might support TfR1 recycling back to the cell surface, we focused our attention on the action of the cytoplasmic chaperone Hsc70, well known to mediate a diverse set of cellular functions that include the uncoating of clathrin vesicles (44 -46) , facilitating appropriate protein folding (47) , and directing cellular organelles into the autophagic pathway (48, 49) , to name just a few. The interactions between this chaperone and the TfR1 upon inhibition of c-Abl by imatinib as assessed by co-IP (Fig. 7, a and b) were pronounced and further supported by graphic changes in the Hsc70 distribution from cytosolic to a more punctate vesicular localization (Fig. 7c ). Importantly, we found that these structures represent LAMP1-positive compartments containing the TfR1. From previous studies by others, it is known that Hsc70 interacts with the tail region of TfR1 in exosomes (50, 51) . Also, Hsc70 is known to interact with the cytosolic domain of the TfR1 through the 20 YTRFSLARQV 29 (amino acids 20 -29 in TfR1) (52) . It is well documented that Hsc70 mediates transport of proteins and organelles to autophagosomes via interaction with target proteins containing a KFERQ motif (53, 54) that can vary considerably in primary sequence. It is particularly attractive to speculate that the cytoplasmic tail of the TfR1 might contain a KFERQ motif that could then facilitate targeting to the lysosome via an Hsc70 interaction. We have not observed any direct interactions between the chaperone and receptor. Moreover, although our sequence analysis identified a putative Hsc70-binding motif in the TfR1 tail ( 23 FSLARQV 29 ) that possessed some similarity to the Hsc70-binding region in the EGFR c-Abl Regulates TfR1 Endocytosis (29, 36) , mutation or deletion of this motif had no effect on imatinib-induced trafficking to the lysosome. This was tested in clone 9 cells, fibroblasts, and a CHO cell line devoid of native TfR1 (data not shown) (55) .
In addition to the dramatic recruitment of Hsc70 to the TfR1 endosomes upon inhibition of c-Abl, we have observed a substantial "protection" of this receptor from degradation through drug-based inhibition of the chaperone. The prevalence of these chaperones makes it difficult to inhibit their function by siRNA knockdown or mutant protein expression. Therefore, this was performed with two widely used inhibitors as follows: VER155008, which binds to the ATPase domain of Hsc70; and PES, which inhibits most Hsc/Hsp family members through a non-specific detergent-like interaction with the substrate binding domain of these proteins (Figs. 9, a and b; supplemental Fig.  S4) . These experiments provide some functional insights, coupled with the biochemical and morphological findings, into the requirement of the Hsc70 chaperone for receptor trafficking and subsequent degradation. Equally important is the fact that in imatinib-treated cells, Hsc70 inhibition causes an increase of TfR1 in EEA1-positive early endosomes (Fig. 9, i and j) , as viewed by IF, although much less TfR1 reaches the late endosome/lysosome (Figs. 9, k and l; supplemental Fig. S5, a-fЉ) , suggesting that c-Abl mediates the chaperone-based transport event between the early and late endosomes. This process does not appear to be dependent upon LAMP2a, known to mediate the transfer of degraded cargo from the cytoplasm to the lysosomal lumen during chaperone-mediated autophagy as siRNAbased reduction of this glycoprotein did not change TfR1 levels (Fig. 9, m and n) . Future studies will continue to focus on defining the exact mechanisms by which this important family of kinases and chaperones might interact to regulate receptor trafficking in epithelial cells.
Experimental Procedures
Miniprep express matrix and Luria-Bertani medium were from BIO 101 (Vista, CA). Plasmid purification and gel extraction kits were purchased from Qiagen (Alameda, CA). Restriction enzymes were purchased from New England Biolabs (Ipswich, MA). 1-kb plus DNA ladder was from Life Technologies, Inc.. c-Abl and EEA1 monoclonal antibodies were from Pharmingen, and anti-TfR1 monoclonal antibody was from Zymed Laboratories Inc.. LAMP1 (C-20) and anti-Hsc70 (B-6) monoclonal antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX); anti-LAMP2a polyclonal antibody was purchased from Abcam (Cambridge, MA) and anti-TSG101 monoclonal antibody was purchased from GeneTex (Irvine, CA). The rabbit polyclonal anti-TfR1 antibody was raised by our laboratory as described previously (11) . The rabbit polyclonal anti-LDLR1 was raised against the peptide PVYQKTTE-DEIHICRSQDGYTYPS, present in the C-terminal region of LDLR. An anti-actin antibody was purchased from Sigma. Goat anti-rabbit and goat anti-mouse secondary antibodies conjugated to either Alexa-Fluor-488 or -594. Transferrin Alexa-Fluor-488 and -594 and rhodamine-and FITC-dextran (M r 3,000) used for immunofluorescent staining were all obtained from Life Technologies, Inc., and HRP-conjugated goat anti-rabbit and goat anti-mouse were from BioSource International, Inc.
(Camarillo, CA), which were used for Western blotting analysis. LysoTracker Deep Red was purchased from Invitrogen. c-Abl inhibitor Imatinib (Gleevec) was purchased from Cayman Chemical (Ann Arbor, MI). The lysosomal inhibitor bafilomycin A1 was purchased from Enzo Life Sciences (Farmingdale, NY). The Hsc70 inhibitors VER155008 and Pifithrin-(PES) and all other chemicals and reagents, unless otherwise stated, were from Sigma.
Plasmid Construction-The GFP-tagged TfR1 construct was generated as described previously (11) . The untagged c-Abl WT was designed using an oligonucleotide primer specific for c-Abl-1a and -1b according to the rat c-Abl-1a and -1b sequences from GenBank TM (accession numbers XM_006233918 and NM_ 001100850) as follows: c-Abl-1a, 5Ј-CGCCGTGGCCACGGG-ACCATGTTGGAGA; c-Abl-1b, 5Ј-ATGGGGCAGCAGCC-TGGAAAAGTACTTGGG; and c-Abl-1, 3Ј-CTACCTCCGG-ACAATGTCGCTGATCTCCTT. Full-length cDNA was amplified by long distance reverse transcription-PCR (RT-PCR; Applied Biosystems, Branchburg, NJ), and the PCR fragments were ligated into the eukaryotic expression vector pCR3.1 (Invitrogen). Kinase-dead c-Abl-1a K266R, inactive c-Abl-1a Y412F, kinase-dead c-Abl-1b K290R, and inactive c-Abl-1b Y437F mutants were generated using PCR-based mutagenesis methods. The GFP-tagged Hsc70 WT was designed using an oligonucleotide primer specific for Hsc70 according to the rat Hsc70 sequence from GenBank TM (accession numbers NM_ 024351 and XM_001053026) as follows: Hsc70, 5Ј-CTCGAG-TGGGCCTACACGCAAGCAACCAT, and Hsc70, 3Ј-GAAT-TCCCTCTACTTTGACGTAATCGACC. Full-length Hsc70 cDNA was amplified by long distance (RT-PCR), and the end product was ligated into pEGFP-N1 (Clontech). The GFPtagged LAMP1 WT was designed using oligonucleotide primers specific for LAMP1 according to the rat LAMP1 sequence from GenBank TM (accession numbers NM_012857) as follows: LAMP1, 5Ј-GATCGAATTCCAACCGCCGTCCTTCGGC-CTC; LAMP1, 3Ј-GATCGGATCCCGCACCTGCCCACCA-GGCAAGATG. Full-length LAMP1 cDNA was amplified by long distance (RT-PCR) using rat liver cDNA, and the end product was ligated into pEGFP-N1 (Clontech). All DNA constructs were verified by restriction enzyme digestion and sequence analysis. All plasmids were purified either by equilibrium centrifugation in a CsCl-ethidium bromide gradient or with the plasmid maxi kit from Qiagen.
siRNA Oligonucleotides-Non-targeting siRNA and all targeting siRNAs were from Dharmacon (GE Healthcare) as follows: human LAMP2a, 5Ј-GGCAGGAGUACUUAUUCU-AUU-3Ј; and TSG101, 5Ј-CCUCCAGUCUUCUCUCGU C-3Ј. The oligonucleotides were received in an annealed and purified form ready to be transfected upon resuspension in Opti-MEM I (Gibco).
Cell Culture and Transfection-Clone 9 rat hepatocytes were incubated in F12K medium supplemented with 10% FBS and 50 units/mg penicillin ϩ 50 g/ml streptomycin. HeLa cells were propagated in minimum Eagle's medium ϩ 10% FBS and 50 units/mg penicillin ϩ 50 g/ml streptomycin. Hep3b human hepatocellular carcinoma cells from ATCC (HB-8064) were incubated in MEM supplemented with 10% FBS and 50 units/mg penicillin ϩ 50 g/ml streptomycin. MEFs, c-Abl Ϫ/Ϫ , and c-Abl/Arg Ϫ/Ϫ MEFs were a kind of gift from Dr. A. Pendergast (Duke University, Durham, NC) and were maintained in DMEM ϩ 10% FBS and 50 units/mg penicillin ϩ 50 g/ml streptomycin. All cells were maintained at 5% CO 2 , 95% air at 37°C. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Assays for Internalization of Dextran and Transferrin, Pulse Labeling of Late Endosomal Compartments-Endocytosis of fluorescently conjugated transferrin or dextran was assayed as described previously (56) .
Statistical Analysis-Statistical analysis was performed using a two-tailed Student's t test for each sample group. p values Յ 0.05 were considered statistically significant and are indicated in each figure.
Immunofluorescence and IF-based Quantitation-Immunofluorescence staining was performed as described previously (57) . Fluorescence micrographs were acquired using a Zeiss Axiovert 35 epifluorescence microscope (Carl Zeiss) equipped with a Hamamatsu Orca II camera (Hamamatsu Photonics, Hamamatsu City, Japan), and images were processed using Adobe Photoshop (Adobe). For IF-based quantification Tf internalization, all images were taken at the same exposure time and analyzed using IPLab software.
Surface Biotinylation Assay-Clone 9 cells were treated with 20 g/ml imatinib for 0, 30, 60, or 120 min, then transferred to 4°C, rinsed with chilled PBS, and incubated with 0.5 mg/ml biotin (EZ-link Sulfo-NHS-LC Biotin, Thermo Scientific) for 30 min. Subsequently, biotin was quenched with 50 mM NH 4 Cl, and cells were rinsed three times with PBS, lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8), sonicated and centrifuged for 10 min, 14,000 rpm at 4°C. Equal amounts of protein were added to 5 g of TfR1 antibody and incubated for 2 h. Antibodybound complexes were precipitated by adding protein A-coated beads (Sigma) for 1 h at 4°C, washed five times with lysis buffer, and subjected to Western blotting analysis, together with ϳ10% of the input to determine the total amount of receptor in each sample.
Coimmunoprecipitation-HeLa or clone 9 cells were plated in 100-mm Petri dishes and grown to 70 -90% confluence. The cells were treated for 2 h with 20 g/ml imatinib or vehicle control before collecting cell lysates in hypotonic lysis buffer (10 mM Hepes, pH 7.5, 10 mM NaCl, 1 mM KH 2 PO 4 , 5 mM NaHCO 3 , 1 mM CaCl 2 , 0.5 mM MgCl 2 , 5 mM EDTA, 10 mM sodium pyrophosphate, 1 mM Na 3 VO 4, protease inhibitors). Subsequently, lysates were sonicated and centrifuged for 10 min, 14,000 rpm at 4°C. 500 -800 g of lysate were added to 5 g of antibody and incubated for 2 h at 4°C. Antibody-bound complexes were precipitated by adding protein A-or G-coated beads (Sigma and Santa Cruz Biotechnology, respectively) for 1 h at 4°C, washed five times, and subjected to Western blotting analysis.
Colocalization Quantitation-To quantify the colocalization between TfR1 with Hsc70-GFP, LAMP1-GFP, or Rab7-GFP or to quantify colocalization of Hsc70 with LAMP1-GFP, images were analyzed in ImageJ using the JACoP plugin (58) . Using an objects-based method, the percentage overlap was calculated between particles (between 1 and 500 px 2 ) thresholded from each channel.
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